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Quantifying how much soil humans ingest
became a major concern in the 1980s when
soil ingestion estimates were needed to
assess potential risk from sites contaminat-
ed by chemicals and radiation. The initial
focus on the role ofsoil ingestion in health
risk centered on dioxin contamination at
Times Beach, Missouri; now soil ingestion
estimates are routinely incorporated into
all risk assessment procedures for contami-
nated sites (1). To aid in estimating soil
ingestion, EPA has proposed daily soil
ingestion rates for children and adults (2).
Based on the nature of the contaminated
site, estimated soil consumption has often
been identified as one of the most signifi-
cant routes of exposure affecting final risk
assessment estimates (1).
The database on soil ingestion in
humans is limited to five studies in chil-
dren (3-7) and one study in adults (8).
These studies used soil trace-element
("tracer") methodologies to estimate soil
ingestion. The strengths and limitations of
these studies and their capacity to provide
defensible soil ingestion estimates have
been assessed (9).
Of particular concern is that the soil
ingestion studies demonstrated relatively
poor intertracer consistency within a sin-
gle study. As Table 1 indicates, the range
of soil ingestion estimates can vary con-
siderably among the tracers within each
study. For example, in the Calabrese et al.
(5) study, the median tracer-based soil
ingestion values ranged from 9 to 96
mg/day, the mean from 21 to 459
mg/day, and the upper 95% boundary
from 106 to 2100 mg/day, depending on
the tracer used. Such divergent estimates
could have any number of effects on the
risk assessment process. A key problem
has been determining which tracers pro-
vide the best estimates. The present study
offers a quantitative solution to this prob-
lem of selecting tracers. We identify the
principal sources of positive and negative
error in mass-balance soil ingestion stud-
ies and quantify and correct the error by
subject-day for each tracer. These adjust-
ments are presented for the Calabrese et
al. (5) report since this mass-balance study
provided daily measurements of collected
samples. The only other mass-balance soil
ingestion study, which was published by
Davis et al. (7), could not be corrected for
positive and negative error using the
developed methods because daily mea-
surements were not taken and only three
tracers were measured.
Choosing the BestTracer
We previously conducted an "adult valida-
tion study" (5) using the same methods as
the study in children. This validation study
involved ingestion of known amounts of
soil (100, 500 mg/day) by adult volunteers.
Our purpose was to assess whether the
study protocol could detect and precisely
quantify soil ingestion in subjects when
modest (100 mg/day) to substantial (500
mg/day) amounts of soil were ingested
daily. In the adult validation study, the
tracers that displayed close to 100% recov-
ery were aluminum, silicon, yttrium, and
zirconium. These elements were considered
to be the most reliable tracers in the chil-
dren's study (5). We initially assumed that
tracers performing well in the adult tracer
recovery study would also perform well in
the children's soil ingestion study. Later we
found that this assumption was unreliable
(9): recovery is essentially a mathematical
function of the amount of trace elements
consumed in food compared to the
amount ingested in soil. Tracers with low
food-to-soil (F/S) ratios displayed better
recovery. We developed a model to esti-
mate the soil ingestion detection oftracers
for varying sample sizes based on this con-
cept (10).
Ofparticular interest was the large dif-
ference in F/S ratios for some tracers
between children and adults. For example,
the F/S ratio for titanium was nearly 10-
fold lower in children than it was in adults
(9). This suggested that even though titani-
um performed quite poorly in the adult
tracer recovery study, it most likely had
excellent recovery in the children's soil
ingestion study. In fact, when applied to
children's soil ingestion data, the soil inges-
tion detection model predicted that only
two tracers (titanium, zirconium) displayed
an acceptable estimated precision of recov-
ery (100% ± 20%). These findings there-
fore led us to reject the original assumption
that the most reliable tracers for the adult
recovery studies would be the most reliable
in the children's study.
However, there were still unresolved
inconsistencies in estimates for titanium
and zirconium. For example, if zirconium
was such a reliable tracer in the children's
study, why did it lead to highly inconsis-
tent soil ingestion estimates for the one
child that exhibited soil pica (5)? The soil
ingestion estimates for this child for all
tracers except zirconium were 5-6.5 g/day
over a 2-week period, whereas the estimate
based on zirconium, was 1.5 g/day for the
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same period. To have one of the two
"best" tracers apparently underestimate the
soil ingestion by 75% was troubling. The
underestimation ofsoil ingestion by zirco-
nium for the child exhibiting pica seemed
to mirror the soil ingestion estimates for
the entire sample, in which the median
value for zirconium was about 70% less
than that oftitanium. How could the two
"best" tracers differ substantially in the
median (16 versus 55 mg/day), mean (25
versus 218 mg/day), and upper 95% (106
versus 1492 mg/day)? Questions were also
raised about the reliability of the zirconi-
um estimates, and an important source of
error for titanium was determined, indicat-
ing that both children and adults most
likely ingested quantities of titanium that
were neither in food nor soil but from a
different, unknown source that con-
tributed to overestimates of soil ingestion
in affected subjects (11). Such observations
led us to rethink the question of which
tracers provided the most reliable estimates
of soil ingestion, with particular emphasis
on understanding the basis for intertracer
variability in estimating soil ingestion.
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One of the basic assumptions inherent
in interpreting mass-balance soil ingestion
studies is that positive and negative error
will likely occur as a result of flaws in the
study design. However, we assumed initial-
ly that the capacity for positive error would
approximate negative error and they would
cancel other out with respect to subject
average values (5). In fact, negative soil
ingestion values, which comprised
12-44% of soil ingestion estimates
depending on the tracer in the children's
study (5) was attributted to negative error,
as it is not possible to have negative soil
ingestion. However, we believed that posi-
tive error would also exist that would pre-
sumably offset the negative error. This
assumption was never deeply explored in
any of our original soil ingestion study
reports. However, as we will show, this
assumption appears to be oflimited validi-
ty and leads to significant implications
depending on the tracer.
We first provide a general framework
for classifying various sources of error for
soil ingestion. We follow this discussion
with a description of a methodology for
quantifying these sources. Finally, we pre-
sent estimates based on implementing this
methodology in our children's study (5).
Causes ofError
In mass-balance soil ingestion studies, pos-
itive and negative error are the result of a
variety ofcauses. For example, iftracers are
ingested in food but are not captured in
the fecal sample as a result ofeither a slow
transit time or because a fecal sample was
not available for the final day(s) of the
study, the soil ingestion estimate will have
a negative bias. In addition, sample mea-
surement errors, resulting in diminished
detection offecal tracers but not soil tracer
levels, will negatively bias soil ingestion
estimates.
Ingestion ofhigh levels oftracers in the
days before the study starts and low inges-
tion during the study could result in an
overestimation of soil ingestion. Positive
error can also occur if the subject ingests
tracers from a source that is ofneither soil
nor food origin during the study period.
For example, ifa child eats a piece ofpaper
that contains titanium in the printing
material, this could lead to an overestima-
tion ofsoil ingestion based on this particu-
lar tracer. Iftracer was measured incorrect-
ly in soil but not in the fecal sample, this
could also result in positive error. Negative
and positive error can be quantified for a
single day or totaled for a subject-week.
In a previous paper (12), we reported
that the quantification ofnegative and posi-
tive error led to improved daily soil inges-
tion estimates. In our previous reports,
daily soil ingestion estimates were obtained
by dividing the total soil ingestion observed
by the number ofdays ofstudy (e.g., 3-8)
and not based on aparticular day.
Quantifying Error
Obtaining the best estimate ofsoil inges-
tionfor a given subject-day. To determine
positive or negative error in soil ingestion
estimates, it is necessary to develop a pro-
cedure for obtaining an unbiased estimate
of soil ingestion. In the absence of direct
knowledge of actual soil ingestion, the
approach adopted in the present analysis
was to: 1) Incorporate an assumed GI tract
transit time of 28 hr for the passage of
tracers ingested in food to the feces. This
value was applied to all subject-day esti-
mates. Inter- and intraindividual variation
in GI transit time was not considered. 2)
Estimate the daily soil ingestion rate for
each tracer for each 24-hr day for which a
fecal sample was obtained. We assume that
the corresponding food ingestion period is
a 24-hr period beginning 28 hr earlier than
the start of the fecal sample period. 3)
Determine the median tracer-based soil
ingestion rate for each subject-day. Upper
and lower bounds for the range of esti-
mates were determined based on criteria
formed using an assumption ofthe magni-
tude of the relative standard deviation as
described elsewhere (12). Daily soil inges-
tion estimates falling outside of these
upper and lower boundaries were assumed
to be unreliable and were excluded from
subsequent calculations. The median of
Table 1. Soil ingestion estimates in children (mg/day)
Binder etal. (3) Van Wijnen etal. (6) Davis etal.(7) Calabrese etal. (5)
Trace element Mean Median Mean Median Mean Median Mean Median
Aluminum 181 121 40 25 153 29
Silicon 184 136 82 59 154 40
Titanium 1834 618 246 81 218 55
Barium 32 <0
Manganese <0 <0
Vanadium 459 96
Yttrium 85 9
Zirconium 21 16
Limiting tracer method
Day-care center 103 111
Campers 213 160
the remaining tracer elements of the daily
soil ingestion rates was deemed the best
estimate ofsoil ingestion for the particular
day. Tracers found to be unreliable dis-
played either positive or negative error
depending on whether the tracer exceeded
the upper or lower boundary. The magni-
tude ofpositive or negative error for a spe-
cific tracer for a day was then obtained by
determining the difference between the
value for the tracer and the median value.
4) Determine negative error due to missing
fecal samples at the end ofthe study peri-
od. In the children's study (5), we estimat-
ed soil ingestion by developing an average
daily tracer ingestion rate from food over 3
days. This average daily food tracer intake
was subtracted from the average daily fecal
tracer levels over the 4 days offecal collec-
tion. The principal problem with this
approach was that for 43 of 128 subject-
weeks, there was no fecal sample for day 4
ofthe study. This would lead to an under-
estimation of soil ingestion (i.e., negative
error). The situation became even more
extreme for a smaller number of subjects
for which no fecal samples were provided
on days 3 and 4 (five subject-weeks) and
on days 2, 3, and 4 (two subject-weeks). As
expected, the likelihood of negative soil
ingestion estimates for subjects with miss-
ing last-day fecal samples was markedly
enhanced. In this case, negative error
would have been minimized if the daily
tracer intake from food were low or maxi-
mized if the daily tracer intake from food
were high and transit time was sufficiently
slow to prevent capture in the fecal sample.
Thus, even though a day 4 fecal sample
was not available, this would not directly
lead to a large negative error, nor would
availability ofday 4 fecal sample automati-
cally preclude this type of negative error.
This reasoning is consistentwith the obser-
vation (9,10) that a low F/S ratio was an
important predictor of tracer recovery in
the adultvalidation procedure.
Table 2 indicates the estimated magni-
tude of positive and negative error for six
tracers in the children's study (5). The
original mean soil ingestion estimates
ranged from a low of21 mg/day based on
zirconium to a high of 459 mg/day based
on vanadium. After correcting for positive
and negative error, the range in soil inges-
tion estimates decreased to 97 mg/day
based on yttrium to 208 mg/day based on
titanium. This represents a change in the
range from approximately 21-fold to
approximately 2-fold. With the exclusion
of titanium and vanadium, which were
most susceptible to error, the range of the
remaining four corrected tracers is from 97
to 136 mg/day. Consequently, correction
for positive and negative error resulted in
considerable intertracer agreement for esti-
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Table 2. Positive/negative error(bias) in soil ingestion estimates in the Calabrese et al. (1989) mass-balance study(5): effecton mean soil ingestion estimate (mg/day)a
Negative error
Lackoffecal sample Other Total Total
Trace element on final studyday causesb negative error positive error Net error Original mean Adjusted mean
Aluminum 14 11 25 43 +18 153 136
Silicon 15 6 21 41 +20 154 133
Titanium 82 187 269 282 +13 218 208
Vanadium 66 55 121 432 +311 459 148
Yttrium 8 26 34 22 -12 85 97
Zirconium 6 91 97 5 -92 21 113
aHowto read table: for example, aluminum as a soil tracer displayed both negative and positive error. The cumulative total negative error is estimated to bias the
mean estimate by 25 mg/day downward. However, aluminum has positive error biasing the original mean upward by 43 mg/day. The net bias in the original mean
was 18 mg/day positive bias. Thus,the original 156 mg/day mean for aluminum should be corrected downward to 136 mg/day.
bValues indicate impact on mean of 128-subject-weeks in milligrams ofsoil ingested per day.
mation ofsoil ingestion rates. Table 2 indi-
cates that each tracer displayed some
degree of positive and negative error.
However, there were marked differences
among the tracers with respect to their sus-
ceptibility to error. Titanium and vanadi-
um displayed exceptionally high positive
and negative, error; zirconium also dis-
played a high amount of negative error.
The negative error attributed to missing
last-day fecal samples affected the estimates
of soil ingestion for all tracers to some
extent, but most notably for titanium and
vanadium, where the original mean was
negatively biased by 82 and 66 mg/day,
respectively. Negative error attributed to all
other principal causes of error (e.g.,
input/output misalignment, sample loss)
was also highly variable, with titanium
being most susceptible (187 mg/day) fol-
lowed by zirconium (91 mg/day) and vana-
dium (55 mg/day). The most likely cause
of this negative error for titanium and
vanadium is input/output misalignment
because the daily ingestion of these tracers
in food was highly variable. Such variable
daily tracer intakes, coupled with transit
times longer than 28 hr for a given subject,
could have led to negative error.
In the case ofzirconium, negative error
may be more complex than simply
input/output misalignment. Based on the
pattern ofnegative soil ingestion estimates,
the modest variability of zirconium in the
diet (13), and the recognized difficulty of
analyzing zirconium (14), we hypothesize
that a substantial component of the 91
mg/day is attributed to sample measure-
ment loss offecal tracer levels.
Positive error was highest for vanadium
(432 mg/day), followed by titanium (282
mg/day). The remaining four tracers dis-
played positive error <50 mg/day. The two
principal causes of positive error are
input/output misalignment and source
error. Positive misalignment error would
occur as a consequence ofprevious negative
misalignment error. For example, if a sub-
ject displayed negative misalignment on
day 2, it is likely that positive misalignment
would occur on a subsequent day, although
this would depend on the transit time in
relation to the end ofthe observation peri-
od. Second, consumption of tracers in a
nonfood/nonsoil source will contribute to
positive bias. For example, subject 833 dis-
played low (<100 mg/day) soil ingestion for
all tracers except vanadium (11 g/day) dur-
ing week 2. This subject ingested about
10-15 pg/day vanadium in food. However,
on day 4 of week 2, this subject excreted
nearly 5000 pg vanadium in feces. This
vanadium could not have come from food
or soil. Ifso, other tracers would have indi-
cated similarly high soil ingestion estimates.
Thus, the high level of vanadium in feces
came from an unknown source. This type
ofsource-error was particularly apparent for
titanium and vanadium.
Discussion
The present analysis identifies and quanti-
fies element-specific sources oferror in our
children's study (5) that led to widely vary-
ing tracer-specific estimates. Correcting for
such error at the individual level for each
tracer provides substantially more reliable
estimates ofsoil ingestion. The methodolo-
gy leads to corrected soil ingestion esti-
mates that provide similar mean estimates
ofsoil ingestion across all tracers (Table 2).
The range of mean tracer-based soil inges-
tion estimates for the six tracers has nar-
rowed from 21 to 459 mg/day to 97 to
208 mg/day. This represents a marked
improvement in estimation.
Despite the substantial improvement in
intertracer estimation of subject-week soil
ingestion estimates, the analysis revealed a
sound basis on which to select the most
reliable tracers and the most reliable sub-
ject-day estimates. The tracers requiring
the least amount of error correction for a
subject-week or subject-day would be
expected to provide the most reliable esti-
mates for that time.
Our findings indicate that aluminum,
silicon, and yttrium, which displayed the
least net bias along with modest and near-
ly equal positive and negative error, are
the most reliable tracers in the children's
study (5). These findings differ from our
earlier reports (9,10), in which we argued
that the most reliable tracers in the chil-
dren's soil ingestion study were titanium
and zirconium. Why should the biomath-
ematical model which predicted tracer
recovery with a high degree of precision
based on the F/S ratio yield a different
result? We believe that two factors con-
tributed to the difference in tracer selec-
tion. First, the biostatistical model was
developed using data for adults and was
then applied to children. While the F/S
ratios may be appropriately replaced by
ratios for children, the pattern of fecal
samples differs markedly between adults
and children. Adults had daily fecal sam-
ples for all days in the study, while 39% of
the children did not report fecal samples
for the last days in the study week. This
type of output misalignment was not
accounted for in the biostatistical model,
but it was in the present report.
Second, the biostatistical model used
only the F/S ratio to evaluate the adequacy
of tracer-specific soil ingestion. Although
variability in tracer intake was probably
related to the accuracy of soil ingestion
estimates, this was not accounted for in the
biostatistical model. In contrast, variability
in tracer intake via food would lead to
large intertracer differences between soil
ingestion estimates for a given subject-day.
Determining the best estimate for a specif-
ic day eliminates such extreme estimates.
For these reasons, we believe that the pre-
sent analysis [with soil ingestion estimates
given earlier (12)] is clearly superior to soil
ingestion estimates based on the original
biostatistical model.
It should be noted that other approaches
could be used to quantify and correct for
error both on a subject-week and subject-day
basis. We have explored several such options,
including different time assumptions and
various approaches for deriving the best esti-
mate for error quantification. Comparisons
of these approaches led to basically similar
final, corrected mean estimates.
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